Abstract. We present a 6-month basehne of spattally resolved measurements of the Io plasma torus intensity and perpendicular ion temperature which we use to determine the periodicities of the torus during this time. We find large anticorrelated variations in the intensity and ion temperature which are periodic with the Jovian rotation rate (System III). The intensity variations are found to be a simple manifestation of the temperature variations, though no explanation for the temperature variations is apparent. Periodogram analysis shows an additional intensity periodicity which rotates 2.914-0.06% more slowly than System III. This period is found only in the intensity and not in the ion temperature. We conclude from these observations that the torus has a sinusoidal ion temperature variation locked into the rotation of Jupiter and that superimposed on this is a long-hved density pattern which rotates 2.91% more slowly than Jupiter. Based on the spatial structure and physical properties, we rule out all currently proposed mechanisms for the creation of these periodicities within the torus.
Introduction
Periodic variations within the Io plasma torus can reveal important clues into the nature of the Io-torus interaction and into the workings and properties of the entire Jovian magnetosphere. Unfortunately, past reports of periodicities and variations are inconsistent and inconclusive, making interpretation of the results difficult. Most previous observations are hampered by either an insufficient observational baseline, a lack of spatial resolution within the torus, or both.
In order to accurately determine the periodicities within the torus, we embarked upon a 6-month intensive study of the visible emission from S + ions within the torus using spattally resolved long-slit high-resolution spectra. With these spectra, we simultaneously measure intensities and perpendicular ion temperatures at all points along the torus equator.
This large data set allows us to firmly determine the existence of several different torus periodicities, to finally make a consistent picture which can explain earlier observations, and to rule out all present theoretical models for the formation of the observed periodicities.
in the O + emission lines, though they are weaker and noisier, and a variation of the magnitude of the S + variations cannot be ruled out. No attempt was made to search these data for any Io-related or other non-System III periodicity.
The first study explicitly designed to search for torus
periodicities was performed by Woodward et al. [1!:)94]
using another large aperture Fabry-Perot instrument and observing the same S + 6731• emission line observed by Morgan [1985] . In direct contrast to Morgan, they found neither System III nor System IV periodicity; instead, the data varied consistently with a period of 10.14+0.06 hours, 2.2+0.6% longer than System III.
In addition to UV and visible emissions, spacecraft
observations have found that radio emissions are also associated with the torus. The narrowband kilometric (nKOM) radiation discovered by Voyager [Kaiser and Desch, 1980] emanates from the outer regions of the torus and appears modulated at a period of 10.21 q-0.03 hours (the System IV period). In addition, Daigne and Leblanc [1986] showed that nKOM appearance was also systematic with System III. They pointed out. that while the appearance of the emission was modulated by the specific System III and System IV periods, the individual source regions appeared to lag corotarion by between 1 and 8%. This picture of the individual sources has been dramatically confirmed by using the radio direction finding capabilities of the Ulysses sp;•cecraft [Reiner et al., 1993] . At the time of Ulysses closest approach, six separate nKOM sources were observed between 7 and 10 Rj with corotation lags between 3 and 8%.
The inconsistencies amongst different observations are difficult to reconcile. Particularly puzzling are the results of Morgan [1985] and of Woodward et al. [1994] where the same emission line shows different periodicities. In an attempt to understand the differences in the previous observations and to better determine the true torus periodicities, we conducted a 6-month intensive study ors + 6731 .& emission in the torus, obtaining the most extensive torus data set to date. We find that the emission has strong variations at both the System III period and at one 2.91q-0.06% longer, precisely the System IV period, but that the observed System II1 intensity variation is likely a manifestation of a discovered System III ion temperature variation. The System IV period is a true height-integrated density enhancement in the torus.
Observations and Reduction
Observations of the Io plasma torus were obtained using the 60-cm coudd auxiliary telescope (CAT) fi•'eding the Hamilton echelle spectrograph [Vogt, 1987] Bagenal [1994] , a synthetic torus that is axially symmetric interior to 6 Rj and sinusoidally varying outside is constructed. Inside 6 Rj, the apparent longitudinal structure is simply the result of projection effects, while outside, the measured intensity is close to the true intensity.
• 8oo face brightness is probably incorrect. This phase effect will introduce a small variation centered at opposition in the measured intensities but will in no way affect the analysis of much shorter timescale periodicities here.
In the analysis below, we consider only the data outside of 6 Rj, which is beyond the heavily studied rib- 
Ion Temperatures
The measurement of ion temperature in the torus is subject to greater error than that of the intensity (because of the difference between measuring the area and measuring the width of a Gaussian curve). To increase signal-to-noise for temperature measurements, we binned the data into 12 groups, each 300 in longitude. We added together the spectra in each bin, and measured the ion temperature from these 12 binned spectra.
While the data are noisy, Figure 6 shows that a systematic variation with longitude clearly exists. On l:oth the dawnside and duskside, the ion temperature in the 
backsplash of energetic particles from auroral precipitation. With this mechanism, the torus density maximum should occur at the same location as the auroral maximum. We now know, however, that the intensity maximum at 1800 is not due to a density maximum but is simply a manifestation of a temperature and scale height variation. With this new understanding of torus periodicities we must also seek a new mechanism by which a magnetic anomaly might cause them.
Ion source variation.
Most previous attempts to explain periodicities in the torus have shared the characteristic that the mechanism depends in some way on modulating the ion source rate to produce the torus variations.
This mechanism is inconsistent with the observed spatial structure of the System III variations. If the intensity variation were caused by variations in the ionization rate, then the modulation would be greatest at the regions where the ionization occurs, and the modulation would rapidly disappear outside this region as the corotation lag in the torus smeared out the intensity peak during outward plasma tr 
System IV Period
Periodicities approximately 3% longer than System III have been reported in past UV and the optical data. In this section, we show that a similar 2.914-0.06% longer period is visible in this data set, and we show that none of the current theories for generation of these periodicities adequately explains the observations. In particular, we demonstrate that the most popular explanation for these periodicities, the subcorotation of the torus, cannot explain the non-System III periodicity observed here.
Periodograms
To search our data for additional periodicities, we resort to the construction of Lomb-Scargle periodograms [Lomb, 1976; Scargle, 1982; Horne and Baliunas, 1986] which were developed to discern periodicities in unevenly sampled data. A thorough discussion of the properties of these periodograms and their application to torus data is given by Woodward [1992], Woodward et al. [1994] , and Yang et al. [1991] . Essentially, the periodogram calculates the chi-square value for a sinusoidal fit at each potential period or, equivalently, co•nputes the power spectrmn for the data. While the periodograms are the best available method for searching for periods, they are also heavily influenced by noise and the details of the data sampling, so careful consideration needs to be given to the meaning of the calculated periodograms.
Various methods have been developed to quantit• the errors in periodograms and to calculate the reliability of any predicted period. However, all rely on an estimate of the average effective sampling frequency, and no agreement exists on how best to determine this effective frequency. To circumvent this difficulty, we have extended the "shuffling" technique described by Woodward [1992] and Woodward et al. [1994] to give an estimate of probability that the highest peak in the periodogram is not caused by random errors. We take the data and randomly assign each point to a different one of the times of observation and recompute the periodogram for this new synthetic data set. The synthetic data set preserves the sampling pattern and noise characteristics of the original data, so it should give an idea of the height of peaks in the periodogram from these causes. We repeat this procedure 1000 times for each periodogram computed and assign 1, 2, and 3rr values to the top 68, 95, and 99.7% values, respectively. It should be remembered that this calculation of the probability of the veracity of a peak is valid only for the highest peak of the periodogram and cannot be used to interpret any other peaks visible.
The accuracy of the frequency determination is generally assumed to be such that the error is the amount that would cause a phase shift of 3600 (or sometimes 1800 ) between the first and last sampling point,,; of the data. While this method gives a useful order-ofmagnitude estimate for the accuracy, it does not take into account either the sampling frequency or the uncertainties of the data. In order to more accurately assess the uncertainties in the frequency determination, we have constructed a large number of synthetic data sets sampled at the same times as the real data and having periodicities and uncertainties similar to the real data. The 3rr accuracy of the frequency determination determined through this method is about 0.06%, wlfich corresponds to the amount of error that would cause the phase to change by 900 between the beginning and end points of the sampling. While this is more accurate than these methods are generally assumed to be, this amount of accuracy appears to be correct: in the analysis below we find that the 3rr scatter of the nteasurements of the System III frequency is actually less than 0.06% about the correct value. The shuffle analysis shows that this peak is significant to much more than 3or, but it cannot guarantee that the peak is not spurious and caused by the beating betx•een a true System III period and another period or caused by the interaction between System III and the sampling times. We perform several tests to show that this possibility could not cause the 2.91% slower peak. First, we use the "pre-whitening" technique of Woodward et al.
[1994]. The known System III variation (from Figure  3) is subtracted from the data, and the periodogram is Additional recent evidence for a System IV density enhancement comes from: analysis of the hectometric emissions (HOM) observed by the Ulysses spacecraft [Kaiser et al., 1995] . The HOM was found to be modulated at a period about 3% longer than System III, and the proposed source of the modulation is a System IV rotating density enhancement in the torus which blocks emission of the HOM from the auroral regions.
Comparison With Other Observations
The 10.214 :k 0.006-hour period reported here is similar to many previously reported measurements of nonSystem III torus periods. Analysis of the Voyager UVS data set [Sandel and Dessler, 1988] 
Comparison to Theory
Four main types of theories have been put forth to explain the appearance of periodic behavior slower than Jupiter's rotation rate. We will show that the data shown here rule out all of these theories. 5.6.1. Corotarion lag. The most commonly held belief, begun by Roesler et al. [1984] and continued by Thomas [1992] and recently by Woodward et al. [1994] , is that the System IV periodicity is related to the corotation lag of the torus. The torus lags corotation by a few percent, so a long-lived structure in the torus will also lag corotation and appear periodic at a diflbrent period. Dessler [1985] and Sandel and Dessler [19881 argue convincingly that this explanation for a longer periodicity is theoretically implausible. We show now that in addition to being implausible, this idea is ruled out by the current observations. The corotation lag in the torus varies with distance from Jupiter [Brown, 1994a] . If the 2.91% longer torus periodicity is caused by this corotation lag, then the period should change with distance from Jupiter as the rotation velocity changes. On the dusk side the torus lag ranges from 4-5% at 6 Rj to close to 0% a,t 7.5 Rj. In this entire range of distances, the System IV period remains precisely fixed. Figure 15 shows a plot of the periodogram peaks for the System III and System IV periods versus distance from Jupiter. Superimposed on these points is the period that would be expected from the measured corotarion lag [from Brown, 199da] at these distances. No relation exists. The System IV period is not simply related to the corotation lag of the torus.
5.6.2.
Separate magnetic anomaly. Dessler [1985] has suggested that the System IV periodicity is due to a hypothetical high-latitude component, of Jupiter's magnetic field that rotates more slowly th;[n the rest of the planet. In this theory, the slowly rotating component has a magnetic anomaly similar to that of the System III rotating field, and this causes a bright spot in the same manner as the System III bright spot.
The current magnetic anomaly mechanism appears to fail to explain the System IV variations for one of the same reasons that it fails the System III variations.
If the System IV periodicity is related to a variation in the ion source at this period, the intensity modulation would smear and disappear as the ions were transported outward through regions of corotarion lag. The location of the peak of the System IV modulation is constant with distance, however, ruling out any such mechanis•n.
More generally, the System IV modulation is quite different than that of System III. While System III seems to be mainly periodic in ion temperature, with the emission intensity variation being a side effect, the System IV variation shows no such temperature effect and must be a true density increase along a magnetic field line. Thus no explanation can be made that the System IV variation is the same as System III, but just at a different period. The two variations are funda, mentally different in nature.
5.6.3.
Sampling. Another commonly held belief is that the appearance of the System IV period in the periodograms is spurious and simply caused by the details of the observational sampling. As noted by Thomas [1992 that if one subtracts out the System III variations from the data, the System IV remains. We have shown a similar result above and note that a periodicity such as this which goes through a sudden but reversible phase change can in no way be caused by details of the clara sampling. In addition, these data show that one major signature of vortex activity is absent. To exist, a torus vortex must continuously circulate material from the outer reaches of the torus to the inner torus on a rapid timescale (Horton and Smith [1988] estimate the circulation time to be of the order of i hour). This circulation will cause the vortex to appear anomalously hot in the inner torus and cold in the outer torus. Neither of these effects are observed, suggesting that no such circulation is taking place.
nKOM
The emission of nKOM radiation is still difficult to explain, even with this new understanding of the torus.
The hard question to answer is how can individual sources that rotate with corotation lags between 1 and 8% conspire to make an emission which appears periodic in both System III and a fixed period 2.91% longer? We propose that the appearance of the nKOM emission is intimately related to the periodicities discussed above, but that the individual sources rotate with the bulk velocity of the torus at their location. This situation is possible if nKOM sources are present in the outer torus and are moving with the bulk torus rotation appropriate for their distance, but their emission intensities are enhanced whenever they are either at Am -400 (the peak found by Sandel and Dessler [1988] ), where the torus ion temperature is close to a maximum, or at the region of high density in the torus that rotates 2.91% slower (note that since the location of the nKOM peak relative to the torus density peak is not clear, it is possible that the nKOM emission is not enhanced at the peak density but rather somewhere else within the density phase). Thus, given a threshold emission intensity above which they have to radiate to be detected by the spacecraft, the nKOM emission sources will predominantly appear when enhanced at these two preferred positions. When no sources are at these positions, little emission will be seen except for extraordinarily strong sources. As the spacecraft gets closer to the planet and the detection threshold drops, more and more emission 
Discussion
These observations allow a new consistent view of the Io plasma torus. The torus has ion temperature variations that are locked to the rotation of Jupiter. The temperature structure and its resulting intensity structure are constant with distance from Jupiter. Superimposed upon this structure is a long-lived density pattern that rotates 2.91% slower than Jupiter. The structure of this density pattern is also constant with distance from Jupiter. The System III and System IV periodicities are caused by the superposition of two pattern speeds.
Individual ions and electrons move at a subcorotation velocity determined by the mass loading rate and unrelated to either the System III or System IV periods, in much the same way that the pattern speed of a spiral density wave in a spiral galaxy differs from the velocity of the underlying stars.
What can cause this dual periodic behavior in the torus? A System III temperature variation is potentially not difficult to understand. It can fit into the general framework of System III magnetospheric variabilities [see Hill et al., 1983 ] that might be caused by some sort of interaction between the Jovian surface magnetic field and the torus and magnetosphere. While the magnetic anomaly model in its present form cannot explain these variations, some variant might be a natural explanation for any System III effects in the torus.
The System IV period, however, is much more difficult to understand even just in principle. Unlike System III, it has no obvious planetary counterpart as an organizing factor. In addition, any conceivable mechanism which involves some interaction between Jupiter's rotation and any other regularly periodic occurrence, the orbit of Io, for example, has difficulty explaining the phase shift observed.
Summary
Using data from 6-months of high-resolution long-slit spectra of S + emission in the Io plasma torus, we have in the data, but no ion temperature variation at that period exists; (6) the System IV period underwent a sudden but reversible phase changes for approximately one month; and (7) the System IV period cannot be explained by the torus corotation lag, a vortex, or additional magnetic anomaly, nor is it a spurious period related to the sampling of the data.
